The purpose of this study was to determine the interactions between bombesin and substance P at the feline lower esophageal sphincter (LES). Intraluminal pressures were recorded using a fixed, perfused catheter assembly. Myoelectrical activity was recorded using bipolar Ag-AgCl serosal electrodes. Bombesin, i.v., gave a dose-dependent increase in LES pressure and electronically counted spike activity. The threshold dose was 10-7 g/kg, while the maximal dose, 10-5 g/kg, increased LES pressure by 65.5±14.8 mmHg. The neuroantagonist, tetrodotoxin, decreased the LES response to bombesin by 74.1%±7.9% (P < 0.05), but had no significant effect on the LES response to substance P. The sphincteric response to bombesin was not inhibited by bilateral cervical vagotomy, atropine, propranolol, or phentolamine (P < 0.10). Bombesin tachyphylaxis abolished the LES response to bombesin but had no effect on the response to substance P. Conversely, substance P tachyphylaxis completely abolished the LES response to bombesin (P < 0.001). The substance P antagonist 11-Pro2, D-Trp7"jsubstance P also significantly inhibited the LES response to bombesin (P < 0.05). Acidification of the distal esophagus with 2.0 ml of 0.1 N HCI increased LES pressure by 32.5±5.2 mmHg (P < 0.02). The LES response to acid was inhibited by bombesin tachyphylaxis (maximal pressure response, 4.7±2.1 mmHg, P < 0.01 compared with control acid response). The tachyphylaxis techniques were specific for the peptides giving no effect on the LES responses to phenylephrine, bethanechol, or pentagastrin. We drew the following conclusions: (a) bombesin increased feline LES pressure via nonvagal neural pathways that were insensitive to adrenergic or cholinergic antagonists; (b) bombesin may be involved in the enteric pathways that mediate the feline LES response to distal esophageal acidification; and (c) substance P mediates the effect of bombesin at the LES and is a neurotransmitter in the LES response to acidification.
Introduction
Peptide neurotransmitters are present throughout the enteric nervous system and may play a role in the physiologic control of gastrointestinal functions. Excitatory substance P neurons mediate the feline lower esophageal sphincter (LES)' response to acidification ofthe distal esophagus (1) . This peptidergic reflex involves tetrodotoxin-sensitive, nonvagal neural pathways that are resistant to several neurotransmitter antagonists including hexamethonium alone or in combination with atropine. The inability to identify a ganglionic transmitter in this reflex pathway using these neuroantagonists suggested the presence of other peptidergic transmitters (2) or a monosynaptic, axo-axonal response (3) .
Bombesin is a tetradecapeptide that shows marked homology at the active carboxy-terminal region with several other peptides found in mammalian tissue, including gastrin-releasing peptide (4) . These peptides are potent stimulants of hormone release, intestinal secretion, and gastrointestinal motility when administered centrally, intrathecally, or peripherally (5) (6) (7) (8) (9) (10) . Recent studies have suggested that bombesin-like peptides may act as interneuron transmitters to release substance P or acetylcholine (2, 1 1). Bombesin may alter gastric motility by acting directly on smooth muscle ( 12) but it acts via mechanisms that are sensitive to neuroantagonists in other organ systems (2, 9, 1 1). The importance of bombesin-like peptides as neurotransmitters in the enteric nervous system is also supported by immunohistochemical studies demonstrating a dense innervation of the myenteric plexus by nerves containing bombesin immunoreactive peptides (13, 14, 16) . Bombesin-like peptides have a distribution similar to that of substance P and the density of both peptides is not altered by extrinsic denervation (13, (15) (16) (17) .
The aims of this study are: to evaluate the mechanism by which bombesin increases LES pressure, to determine whether it interacts with substance P, and to determine whether bombesin is involved in the intrinsic reflex response of the feline LES to distal esophageal acidification. The manometric assembly was passed orally. The three LES ports were positioned to record maximal pressure and the apparatus was secured by a pin passed through an eyelet glued between the tubes, 1.0 cm aborad from the mid-LES port. The pin also secured the distal end of the LES electrode, which contained two bipolar electrodes 1.15 and 0.85 cm from the eyelet. This placed the two pairs of electrodes precisely between the three manometry ports and oriented transverse to the long axis of the esophagus to record circular muscle activity. The orad aspect of the electrode was secured with silk sutures.
Bipolar, Ag-AgCl electrodes also recorded myoelectrical activity from the gastric fundus, 1.0 cm aborad to the LES; the antrum 1.0 cm orad to the pylorus, and from the duodenum, 1.0 cm aborad from the pylorus. Electrodes were connected via ajunction box to a multichannel rectilinear recorder through alternating current couplers. LES and fundic electrical recordings were made using a low frequency filter of 5.3 Hz and a high frequency filter of 100 Hz. Antral, pyloric, and duodenal electrical signals were recorded using a low frequency filter of0. 16 Hz and a high frequency filter of 100 Hz.
Acid (0.1 N HCl) or saline, 2.0 ml at 370C, was instilled over 10.0 s through the manometry port 3.0 cm orad to the LES. Each study was followed by a saline lavage of the same volume repeated three times to permit a return to baseline. The following drugs were used: bethanechol Tachyphylaxis to specific peptides was achieved by the repeated intravenous administration of a supramaximal dose of the neuropeptide ( 10' gm/kg) and was confirmed by the absence ofa sphincteric response to the 50% effective dose (ED50) ofthat peptide. The stimulus to be tested was given when a stable baseline was established. This occurred 2.0+0.24 min after supramaximal doses of bombesin or 4.2±0.36 min after substance P (P > 0.10, n = 16, and 20 respectively). Basal LES pressures were similar for control (37.7±4.6 mmHg) and experimental (30.9±4.1 mmHg) trials except when noted.
Bilateral cervical vagotomy was performed by transection of the nerves. Vagal nerve identification was confirmed by demonstrating LES relaxation and bradycardia in response to electrical stimulation (10 V, 10 Hz, I ms). LES pressures were calculated at the mid-respiratory excursion and expressed in millimeters of mercury. Spike activity was counted using a digital electronic spike counter equipped with a voltage discriminator as previously described (1). Pyloric and antral myoelectrical activity were calculated as the percentage of pyloric slow waves with spike activity. Statistical analyses were performed using Student's t test on observations made in a minimum of four animals. All data are expressed as mean±SE. The number of animals used in each experiment (n) is noted separately.
Results
LES response to bombesin. The feline LES response to bombesin, 5 X lO-g/kg i.v., is shown in Fig. 1 . Bombesin produced a tonic increase in sphincter pressure and a gradual increase in spike activity over a 2-min period. The LES spike and pressure responses to increasing doses of bombesin are shown in Fig. 2 , .
... duced partially to 39.9±9.1 mmHg. This change was not significant (P > 0.05, n = 8). Atropine (30 ,g/kg), at a dose that completely antagonized the LES response to bethanechol (30 ,ug/kg), had no effect on the LES response to substance P (68.2±24.4 mmHg control vs. 65.0±21.6 mmHg following atropine, P > 0.10, n = 4). This dose of atropine caused an insignificant decrease in basal LES pressure (27.0±13.7% decrease, P > 0.10). The LES pressure response to bombesin, 5 X I0-g/kg, was not inhibited by bilateral cervical vagotomy (n = 4, P > 0.10).
Atropine, 30 ,gg/kg i.v., also did not reduce the sphincteric responses to bombesin (67.6±24.6) compared with the control response (74.2±29.0, P > 0.10, n = 5).
We next investigated the LES responses to bombesin after the administration of adrenergic antagonists. Propranolol, 1 .0 mg/kg, had no effect on basal LES pressure or on the LES response to bombesin (63.7±18.2 mmHg control vs. 96.2±26.8 mmHg, P > 0.10, n = 4). Phentolamine reduced basal LES pressure by 61.9% (45.9±9.5 to 16.8±4.3 mmHg, P < 0.05, n = 4) but had no effect on the lower esophageal sphincter responses to bombesin (93.0±29.5 mmHg vs. the control response of 63.0±9.7 mmHg, P > 0.10, n = 5). Thus, the lower esophageal sphincter contractile response to bombesin is mediated by nonvagal neural pathways that are insensitive to adrenergic, or cholinergic antagonists.
LES responses following desensitization. The effect ofbombesin tachyphylaxis on the LES response to the ED" dose of bombesin (5 X I0-' g/kg i.v.) or substance P is shown in Fig. 4 . Bombesin tachyphylaxis abolished the LES pressure and spike responses to bombesin (P < 0.005, n = 7), but had no effect on the substance P responses (P> 0.10). The specificity ofbombesin tachyphylaxis was further examined by testing the LES responses to the ED50 doses ofpentagastrin (0.5 Ag/kg i.v.) and bethanechol (30.0 ,g/kg i.v.). The control response to pentagastrin, 36.8±6.3 mmHg, was similar to the response following bombesin tachyphylaxis, 32.7±5.2 mmHg (P > 0.10, n = 6). The LES response to bethanechol after bombesin tachyphylaxis, 63.0±16.5 mmHg, was similar to the control response, 68.8+±11.5 mmHg (P > 0.10, n = 5).
Fig. 5 shows the effect of substance P tachyphylaxis on the LES responses to the ED50 doses of substance P or bombesin. Densensitization of substance P receptors blocked the LES response to substance P, as has been previously shown (1) . Sub Figure 4 . Effect of bombesin tachyphylaxis on the LES responses to bombesin or substance P. Tachyphylaxis to bombesin abolished the LES response to bombesin (P < 0.005, n = 7) but had no effect on the LES response to substance P (P < 0.10, n = 8). Figure 5 . Effect of substance P tachyphylaxis on the LES response to substance P or bombesin. Substance P tachyphylaxis inhibited the LES responses to both substance P (P < 0.01, n = 5) and bombesin at all time intervals (P < 0.001, n = 5). Trp7'9]substance P (10-4 g/kg) inhibited the LES pressure response to bombesin by 50.4±8.8% (P < 0.05, n = 4). This dose ofthe substance P analogue is specific for substance P, and shows no inhibition ofthe LES response to phenylephrine, 151.0±24.6 mmHg control vs. 128.0±16.2 mmHg, following the substance P analogue (P > 0.10, n = 4). The LES response to pentagastrin is also unaffected by this substance P antagonist (P > 0.10).
The putative substance P antagonist, [D-Arg', D-Trp79, Leu"Jsubstance P showed no inhibitory effects on the LES responses to exogenous substance P (10-6 g/kg) or to bombesin (5 X 10-7 g/kg i.v.), even at doses up to 5 X 10-4 g/kg (P> 0.10, n = 6).
Effect of bombesin tachyphylaxis on the LES response to esophageal acidification. The LES response to distal esophageal acidification (2.0 ml, 0.1 N HCI) before and after bombesin tachyphylaxis is shown in Fig. 6 . Bombesin tachyphylaxis blocked the LES responses to distal esophageal acidification at all time intervals. The maximal increase in sphincter pressure, 32.5±5.2 mmHg, was virtually abolished by bombesin tachyphylaxis, 4.7±2.0 mmHg (P < 0.01, n = 4).
Discussion
The present studies indicate that a bombesin-related peptide may interact with substance P to mediate physiologic responses of the feline lower esophageal sphincter. Bombesin was shown to increase sphincter pressure via nonvagal, neural pathways which were insensitive to cholinergic or adrenergic antagonists. Figure 6 . Acidification of the distal esophagus using 2.0 ml of 0.1 N HCl increased LES pressure. This response was inhibited during tachyphylaxis to bombesin (P < 0.01, n = 4).
The interaction of substance P with bombesin in increasing LES pressure was demonstrated using cross tachyphylaxis experiments as well as a putative substance P antagonist. These studies further indicated that both bombesin and substance P may be involved in the local neural reflex pathways that mediate the LES response to distal esophageal acidification. Bombesin increases both LES pressure and spike activity at low doses. Bombesin is 60,000 times more potent than the cholinergic agonist, bethanechol, in contracting the feline LES. In both the present study in the cat and in a previous published study in the opossum, bombesin was shown to contract the LES through neural, tetrodotoxin-sensitive pathways (9) . However, the studies in the opossum suggested that alpha adrenergic pathways sensitive to phentolamine were involved in this response. This observation was not confirmed in the cat. The role of substance P in mediating the response to bombesin has not been previously studied at the LES. In other species and in other muscle types, bombesin works through different mechanisms. Bombesin contracts canine gastric muscle through a direct action on the muscle (12) . In smooth muscle from other organs, bombesin acts through indirect neural pathways (2, 9, 1 1). In the present studies on the cat LES, careful attention was given to possible cholinergic or adrenergic pathways as suggested in these earlier publications. These differences in responses reflect differences in species and in the organ from which the smooth muscle was obtained.
In the most recent studies concerning bombesin, it has been suggested that this peptide may release substance P in the guinea pig colon muscularis mucosa (2) . The response of this muscle to bombesin was inhibited by desensitization of substance P receptors or by the administration of substance P antiserum. The feline LES response to bombesin is also antagonized by desensitization of substance P receptors and by the putative substance P antagonist [D-Pro2, D-Trp7'9jsubstance P. These findings indicate that bombesin and substance P may interact to mediate gastrointestinal muscle contraction in several species or specific muscle types.
Bombesin and substance P receptors are rapidly desensitized when repeatedly exposed to large doses oftheir respective agonists (1, 2, 1 1). Tachyphylaxis has been shown to produce a very specific block of neuropeptide receptors in several experimental models (18, 19) . Substance P tachyphylaxis has been shown to produce inhibition of the LES to submaximal doses of the peptide, but has no effect on the sphincteric responses to phenylephrine or pentagastrin. The specificity of tachyphylaxis was also evidenced by the absence of cross tachyphylaxis to several isotypes of substance K (1, 19) . Inhibition of the effects of bombesin by desensitization of substance P receptors at the feline LES and guinea pig colon myenteric plexus suggests that bombesin-containing neurons innervating those structures do so via substance P neurons (2) . In contrast, the effect of bombesin on the canine stomach was not inhibited by substance P tachyphylaxis ( 12 It is possible that this mixed response of the LES to substance P after tetrodotoxin represents an incomplete inhibition of intrinsic inhibitory or excitatory nerves. The partial inhibition of substance P by tetrodotoxin raises the possibility that its effect on LES muscle may be via interneurons and not at the neuromuscular junction. The observation that the LES response to substance P or bombesin was unaffected by vagotomy or atropine suggests that neurons mediating these actions are located in the intrinsic enteric plexus. Several immunohistochemical studies in different species have demonstrated bombesin-like immunoreactivity throughout the wall of the gastrointestinal tract with particular density in the myenteric plexus and the sphincters (13, 14, 15) . The distribution is similar to that of substance P in the central nervous system and myenteric plexus (14, 17) . This relationship provides anatomical support for these physiologic observations. The distribution of bombesin at the lower esophageal sphincter has not been investigated.
Distal esophageal acidification increased lower esophageal sphincter pressure in normal volunteers but not in patients with reflux esophagitis (22) . In the cat, this response was mediated by nonvagal neural reflexes that are not inhibited by antagonists to several other types of neurotransmitters that are known to increase sphincter pressure (1) . The demonstration that tachyphylaxis to two neuropeptides inhibits this response suggests that a polysynaptic reflex is involved and that peptidergic neurotransmitters may play an important role in the physiologic control of sphincter function.
